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Abstract 
Modern lifestyle, growing industrial and economy thrive on energy which is getting expensive over time. Natural convection 
based systems are getting attraction for their promising heat transfer efficiency and zero energy utilization. Refrigerants having 
ozone depletion potential (ODP) and high Global Warming Potential (GWP) have been banned or under time bared permission 
under the Montreal (1987) and Kyoto (1997) protocols. To retrofit and modify existing cooling and heating systems, various 
natural and synthetic refrigerants are being investigated worldwide. We have devolved a Refrigerant Parametric Quantification 
(RPQ) method for the choice of optimal refrigerant for thermosyphon driven solar water heaters. A set of 29 refrigerants are 
simulated Using REFPROP under various temperature and pressure conditions. The optimal parameters of thermosyphon system 
are identified from governing equations, international environmental and safety protocols. The proposed RPQ method shows 
most appropriate refrigerant for given temperature range. In the second part, a glass evacuated tube collector is designed; 
fabricated and tested employing the best refrigerant emerged from a simulation study. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Conference Program Chairs. 
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1. Introduction 
Natural convection based systems are getting attraction for their promising heat transfer properties, better thermal 
performance and zero energy utilization. Thermosyphon is green energy device widely used in water and space 
heating, Third Generation (3G) telecommunication equipment cooling1, power generation, aerospace applications2 
heat recovery from sewage gases, food storage units3, auto industry, nuclear reactors cooling and many more4’5. 
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Thermosyphon devices are characterized as single and two phase system by virtue of their operation. Many 
researchers have shown the overall efficiency of Two Phase Closed Thermosyphon (TPCT) system is better than 
conventional single phase when tested in solar water heaters in terms of fouling, scaling, freezing, corrosion, life and 
overall performance6-14. 
Nomenclature 
ρ Density  (kg/m3)     ୳ Useful heat gain (W)  U Density difference    	ᇱ Collector efficiency factor 
k Thermal conductivity(mW/m-k)    ୡ Surface area of absorber tube (m2) 
TNBP     normal boiling point temperature (qC)  ୘ Solar insolation (W/m2)   
TC Critical  temperature (qC)    D absorptivity  
Q rate of heat transfer (Watt)    ୐ over-all loss coefficient (W/m2K) Qଶ Kinematic velocity (m2/s)    ୤ Mean temperature of CO2 (qC) 
L3   characteristic length of geometry (meter)  ୟ Ambient temperature (qC) 
g     gravitational acceleration (m/s2)   K Efficiency of glass evacuated tube collector 

୰ Grashof number     ୰ Prandtl number 
hx Local heat transfer coefficient   Subscripts    
Ra Rayleigh number     a      actual parametric value 
Β Coefficient of volume expansion (1/K)  m    maximum or highest value 
୳ Nusselet number     o    optimal/desirable parametric value 
2. Next Generation Refrigerant for TPCT  
Historically, refrigerants are being used in cooling and heating devices before the invention of electricity. Natural 
refrigerants NH3, CO2, SO2, H20, Hydrocarbons (HCs) remained widely used mediating fluids from 1830-1930s. 
These refrigerants were toxic (NH3, SO2), flammable (HCs) and exhibit high working pressure (CO2) due to which 
accidents were common14. In 1932 natural refrigerants were replaced by synthetic ones (Chlorofluorocarbon-CFC) 
by virtue of their better thermal performance, reactivity and safety16. In 1973, scientists revealed the CFCs and 
HCFCs cause decomposition of the stratospheric ozone layer which shields the earth from harmful ultraviolet 
radiations17. The Montreal Protocol (1987) banned the production and use of CFCs and HCFCs after 1995 on 
account of their high ODP and long atmospheric life18. Kyoto Protocol (1997) recommended complete phase out of 
HCFC by 2020 for developing countries and 2030 for developing countries. F-gas law (2006 and amend.2014) 
envisaged for low GWP (≤150) refrigerants and cut short the utilization of F-gases by 2030 to one fifth scale. This 
yielded start of the third generation of refrigerants (1990-2010s) with focus on zero ODP and low GWP20-21. 
Scientists are in search of a set of an adequate refrigerant for thermosyphon and heat-pump devices which is 
environmentally friendly and have higher efficiency. In this regard, researchers have performed optimization studies 
based on data mining techniques for thermophysical properties 24, neural networks 25 as well as hybrid formulae for 
thermodynamic properties 26, cost based methods 27, and comparison of operating performance 28. 
The choice of optimal refrigerant in thermosyphon driven solar water heating system is evaluated in present study. 
We have chosen ASHREA envisaged natural refrigerants29, some of their low GWP blends and synthetic 
refrigerants30. The thermophysical properties of selected refrigerants are shown in Table 1. 
3. Physical Model and Governing Equation 
The thermosyphon loop consists of set of copper U shaped heat removal tubes fixed inside the Evacuated Glass 
Tube Solar Collector (EGTSC) using wooden corks. Heat collection source (EGTSC) is elevated at the lower side 
and heat sink is mounted to the top in the form of water tank as shown in Fig. 1. The heat removal loop has two-
dimension geometry, up-rise that drive the heated fluid to condenser where it gives off the absorbed heat and returns 
through the down - comer using thermosyphon. The present model has ability to handle high pressure filling and its 
operational sustainability as discussed in our previous work32. Natural convection occurs under buoyancy forces 
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which cause fluid motion due to density differences in the presence of gravity. Considering a laminar, steady state, 
two dimensional free convection system; the buoyancy forces are generated due to density difference caused by the 
temperature gradient. We know; 
Table 1. List of Selected refrigerants 29-31. 
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Methane (R-50) 16.04 82.5 45.9 162.6 -161.4 0 25 12 A3 N 
Ethane (R-170) 30.07 32.1 48.7 206.1 -88.58 0 5.5 12 A3 N 
Propane (R-290) 44.1 96.7 42.5 220.4 -42.11 0 3.3 12 A3 N 
Butane (R-600) 58.12 151.9 37.9 228.0 -0.49 0 4.0 12 A3 N 
Isobutene(R-600a) 58.12 134.6 36.2 225.5 -11.74 0 3 12 A3 N 
Ethylene (R-1150) 28.05 9.2 50.4 214.2 -103.7 0 3.7 12 A3 N 
Propylene (R-1270) 42.08 91.0 45.5 229.6 -47.61 0 1.8 12 A3 N 
Water (R-718) 18.01 373.9 220.6 322.0 99.97 0 0 0.026 A1 Y 
Ammonia (R-717) 17.03 132.2 113.3 225.0 -33.32 0 0 0.019 B2L Y 
CO2 (R-744) 44.01 31.1 73.7 467.6 -78.46 0 1 1 A1 N 
Air (R-729) 28.97 140.6 37.8 342.8 -194.2 0 0 f A1 N 
B
le
nd
s o
f 
N
t
l
R-432A 44.82 97.3 47.6 240.1 -46.4 0  3 9.6 A3 N 
R-433A 43.47 94.4 43.4 222.2 -44.5 0  3 12 A3 N 
R-433B 43.99 96.3 42.6 220.6 -42.6 0  3 12 A3 N 
R-433C 43.59 94.7 43.3 221.8 -44.2 0  3 12 A3 N 
R-436A 49.33 115.9 42.7 220.3 -26.1 0  3 12 A3 N 
R-510A 47.24 125.6 51.8 268.5 -25.1 0  3 1.45 A3 N 
Sy
nt
he
ti R-1234yf 114.04 97.7 33.8 475.5 -29 0 4 0.03 A2L N 
R-1234ze 114.04 109.3 36.3 486 -20 0 6 0.03 A3 N 
R-152a 66.05 114.0 45.1 368.0 -24 0 124 1.4 A3 N 
 
 
Fig. 1 Schematic of the physical model (thermosyphon driven solar water heater). 
Continuity equation 
w୳
w୶ ൅
w୴
w୷ ൌ Ͳ          (1) 
For momentum equation 
U ቂ w୳w୶ ൅ 
w୳
w୷ቃ ൌ െU െ
w୮
w୶ ൅ P
wమ୳
w୷మ       (2) 
 
Energy equation 
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U୮ ቂ w୘w୶ ൅ 
w୘
w୷ቃ ൌ 
wమ୳
w୷మ         (3) 
At boundary layer edge; u = 0; y of 
w୮
w୶ =െUf ; Uf is fluid density outside the boundary layer whilst 
w୮
w୶ |Ͳ 
െU െ w୮w୶ ൌ ൫Uf െ U൯Ǥ         (4) 
The volume expansion coefficientE  may be related to density difference 
൫Uf െ U൯ ൌ EUሺf െ ሻ              (5) 
Substituting the value from equation (3) into equation (5) 
െU െww ൌ EUሺf െ ሻǤ 
Momentum equation for boundary layer becomes 
 w୳w୶ ൅ 
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Let’s us define following dimensionless quantities 
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The governing equations becomes 
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Equations (7) to (9) explain the free convection. The flow regime in thermosyphon systems is characterized by Gr as 

୰ ൌ  ୆୳୭୷ୟ୬ୡ୷୤୭୰ୡୣୱ୚୧ୱୡ୭୳ୱ୤୭୰ୡୣୱ ൌ 
୥ஒο୘୚
୴మ = 
୥ஒሺ୘౞ି୘ౙሻ୐య
୴మ        (10) 
Where Ra can be expressed in terms ofGr and Pr 
ୟ ൌ 
୰୰ ൌ ୥ஒሺ୘౞ି୘ౙሻ୐
య
୴మ ୰        (11) 
Then Nu is written as 
୳ ൌ
ୡ
 ൌ ሺ
୰୰ሻ
୬ ൌ ୟ୬ 
The heat transfer rate in natural convection is given by 
ୡ୭୬୴ୣୡ୲న୭୬ሶ = ሺ୦ െୡሻ    Watt;         ୡ୭୬୴ୣୡ୲న୭୬ሶ ൌ  ୒౫Ǥ୩Ǥ୅ሺ୘౞ି୘ౙሻ୐ౙ     (12) 
For turbulent flow, convective flow of super-critical fluid, the Ga may be defined under general Normalization 
Group (RNG) N-H by Lin Chen et. al. is5 

୰ ൌ  U
మ୥ஒ୕ୌ୐య
Pమ஺஼೛                          (13)
            
Qualitative Parametric Quantification 
The governing equations (10-13) shows the thermodynamic and heat transport parameters that have significant 
impact on the thermal performance of thermosyphon driven EGTSWH. A quality factor in terms of performance 
parameters (thermal conductivity, density difference, kinematic viscosity, critical pressure, volumetric expansivity, 
specific heat, Prandtl number, GWP, corrosiveness, toxicity and flammability) is developed likewise standardization 
technique mentioned in or companion work33. Under this user can normalize the parameters from 1-0 by dividing 
the parametric value with the highest good in the list. In case, the lowest parametric value is desirable, the user can 
normalize it by dividing with actual parametric quantity. For instance, the density difference of R-744 is 406.88 
kg/m3 in the range of -20 to 30 qC compared to 161.3 kg/m3 of R-1234yf. Considering the table 2, the values can be 
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normalized to highest density difference resulting 1(R-744) and 0.37 (R-1234yf). After calculating the normalized 
value, the refrigerant parametric quantification (RPQ) may be obtained by 
 
ࡾࡼࡽሺΨሻ ൌ U܌ࢇା࢑ࢇା࢜࢕ାࡼ࢘ࢇ ାEࢇାࡼࢉ࢕ା۱ࡼࢇା۵܅۾࡯ࡻ૛ା۴܂ࢇା۱ࢇU܌࢓ା࢑࢓ା࢜ࢇାࡼ࢘࢓ ାE࢓ାࡼ࡯ࢇା۱ࡼ࢓۵܅۾ࢇା۴࢓ା۱࢓ u૚૙૙    (14) 
The proposed system shown in fig. 2 is simulated for three sets of working temperature -20 to 30 qC (Space 
heating), 30 to 70 qC (domestic water heating) and 70 to 120 qC (commercial heating)34 for chosen refrigerants at 
supercritical pressure. The choice of supercritical pressure is adopted owing to dramatic variation in density, causing 
strong convective flows and excellent heat transfer performance in supercritical region, as compared to base 
conditions 36-37.  
Table 2. Convection driven heat transfer refrigerant parameters, range and optimum values.  
Parameter Units Optimal value / Normalized parameter 
U Kg/m3 Normalized to highest density difference. 
݇ mW/m-k Normalized to highest average thermal conductivity. 
Q cms/s Normalized to lowest average kinematic viscosity. 
௥ܲ --- Normalized to highest average Prandtl number. 
E 1/K normalized to highest average volumetric expansivity 
 bar 36.29 (critical pressure of Iso-Butane (R-600a) /critical pressure of 
specific natural refrigerant. 
CP KJ/Kg-k Normalized to highest average specific heat. 
GWP100 No. Normalized to CO2 =1. 
௔ --- ͳ(Non-corrosive), 0.5 (corrosive with copper or Steel), 0 (Corrosive with 
copper & steel). 
FT ASHREA34  [Toxicity (0.5) + Flammability (0.5)] A1=1, A2L=0.87, A2=0.75, A3=0.5 
B1=0.5, B2L=0.37, B2=0.25, B3=0. 
4. Simulation Results 
Thermodynamics and heat transfer parameters are calculated using REFPROP 45 whilst environmental and economic 
parameters are taken from the open literature. Fig. 2 represents the optimization results: R-744 (CO2), R-1150 
(ethylene) and R-170 (Ethane) shows the higher quality factor, respectively, among all refrigerants in space heating 
range. For domestic water heating applications, R-744 (CO2) again emerged superior whilst R-170 (ethane), R-
1234yf, R-718 (water) is notable in the context of overall performance. For industrial heating, the newly developed 
synthetic refrigerants (R-1234yf, R-1234ze) and blend of natural refrigerants (R-433A) proved superior, 
respectively. The comparison of physical, thermodynamic, heat transfer and environmental properties indicate R-
744 (CO2) reveals better performance in the range of -20 to 70 qC. The newly developed synthetic refrigerants (R-
1234yf, R-1234ze) have potential utilization in commercial heating system based on thermosyphon. The results 
above are also supported by simulation and experimental reports in literature, e.g., by 5;11;21-22;25-26;37. 
5. Experimental setup 
We fabricated and developed a gravity driven evacuated glass tube solar water heater using CO2 as mediating fluid. 
The designed system consists of borosilicate glass evacuated tubes of dimension (1.8m u0.058 m u 0.047 m). A set 
of 9 such tubes is mounted on a purpose built aluminium stand at an inclination of 45q from ground level fixed at a 
33.6518° N, 73.1566° E. The heat collected inside the collector is removed through U-shaped copper tubes of outer 
diameter 0.00636m and wall thickness 0.00176m. The U-shaped heat removal tubes are further connected to hot and 
cold header (manifolds). The hot header is connected to up-riser connecting water tank which in turns coupled to 
down comer and ways back to cold header completing the loop as shown in Fig.3. Supercritical stage of CO2 (31.1 
qC, 73.3 bar) is succeeded by filling the system at 68-bar pressure, while temperature gradient is gained inside the 
solar collector. A special designed semi-circle aluminium fin (thermal diode) is placed inside the evacuated glass 
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tube to collect the heat and deliver to refrigerant carrying copper tubes. 
 
 
 
Fig. 2 Refrigerant parameters normalized by optimal values defined in Table 2: (a) Space heating; (b) domestic 
water heating; (c) commercial heating applications. 
 
Special arrangement in manifolds discussed in our previous work inside the evacuated tubes makes it possible to 
stop reverse thermosyphon.  The system was tested on typical day October 1, 2014 and the results are presented in 
this paper. The CO2 was filled after evacuation of the solar water heating system at 68 bar and the system was tested 
from 11:00 to 14:30 hours. Solar insolation and ambient temperature data is taken from the meteorological 
department of CIIT, temperature and pressure observation are taken periodically from the system gauges. The useful 
heat gain and solar collector efficiency are computed from Liangdong’s work 36 as 
ܳ௨ ൌ ܨᇱܣ௖ൣܫ்ሺDWሻ െ ௅ܷሺ ௙ܶ െ ௔ܶሻ൧;     K ൌ ொೠூ೅ಲ೎      (15) 
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The results of the experiment are plotted Fig.4. The result shows that CO2 refrigerant easily attains 85οC during 16 
to 18qC ambient temperatures. The system provides an average 483 W sustained useful heat energy with 82% 
average collector efficiency. The CO2 can work well is sub-zero temperature regions and for domestic water heating 
application 
 
Fig.3 Experimental setup of thermosiphon gravity driven solar water heater. 
. 
 
Fig. 4 Useful heat gain and efficiency. 
6. Conclusion  
In the present study, we employed parametric quantification technique to investigate a set of environmental 
benign refrigerants (natural and synthetic) for thermosyphon driven solar water heaters. CO2 showed higher quality 
factor in the range of -20 to 70 qC whilst R-1234yf emerged superior for commercial water heating application. 
When CO2 was tested on glass evacuated tube solar collector, it demonstrated excellent heat transfer properties with 
a net heat gain of 483 W and collector efficiency was found up to 82% in mild sunshine. 
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